Abstract The pro-apoptotic effects of hydrogen peroxide and the purported anti-apoptotic effects of Vitamin C on chicken embryonic fibroblasts were investigated. Hydrogen peroxide induced morphological changes in a dose dependent manner, and a myriad of autophagosomes were observed using transmission electron microscopy. Doxorubicin elicited alterations were not inhibited by co-incubation with Vitamin C except that mitochondrial structure was slightly improved. TUNEL assay, cytotoxicity analysis and flow cytometry revealed that the cytotoxicity, DNA fragmentation and apoptotic rates were dose dependent upon treatment with hydrogen peroxide. Calcium homeostasis was disrupted in a dose dependent manner, and cell cycle was blocked at G 2 / M checkpoint at low concentration and S/G 2 checkpoint at high concentration respectively upon treatment with hydrogen peroxide. The administration of Vitamin C only has a modest effect against doxorubicin induced apoptosis, calcium homeostasis disruption and cell cycle arrest. This research demonstrated that the elevation of reactive oxygen species is sufficient to induce the apoptosis of chicken embryonic fibroblasts, whereas the administration of Vitamin C does not necessarily have certain antiapoptotic effects, especially when the stimulus is not directly linked with redox state.
Introduction
Complex IV (cytochrome oxidase) in the mitochondrial respiratory chain, as well as other redox centers in the electron transport chain, may leak electrons to oxygen (1-2%), partially reducing this molecule to superoxide anion (O2-) and resulting in the propagation of oxidative chain reactions (Turrens 2003) . Reactive oxygen species (ROS) is responsible for cataract, infertility, diabetic nephropathy, bone disorder, neurological disorders, ischemic/reperfusion injury, rheumatoid arthritis, atherosclerosis and ageing by means of lipid peroxidation, DNA damage and mutation and redox-sensitive signaling pathways (Gupta et al. 2009; Hamada et al. 2009; Liu et al. 2009; Makker et al. 2009; Wagener et al. 2009 ). Supplementation with antioxidants was assumed to antagonize atherosclerosis, pre-eclampsia, hypertension, neurodegenerative diseases and carcinogenesis that are closely linked with oxidative stress, however, experimental results seemed controversial, and an inappropriate administration may lead to harmful effects (Pourova et al. 2010) .
Vitamin C, whose chemical name is ascorbic acid, is generally considered as a potent reductant. Vitamin C in cells undergoing hypoxia-reperfusion are linked with a reduction of ROS level, prevention of cytochrome c release and a stabilized mitochondrial membrane potential and a decreased activation of caspase-3 and caspase-9 (Mandl et al. 2009 ). While high intake of Vitamin C (2,000 mg/d) has not been consistently reported to cause any side effects, its benefits to normal people have never been established, and what have been discovered is only that Vitamin C exerts some inhibitory effects on gastric metaplasia, chronic gastritis and lung and colorectal cancer in vulnerable population (Valko et al. 2006) .
Avian species are usually more resistant to oxidative stress and accordingly have a longer life span (Finkel and Holbrook 2000) . This research is to investigate the apoptotic effects of redox state on chicken embryonic fibroblasts (CEFs), an avian cell line presupposed to be more resistant to oxidative stress. Hydrogen peroxide was used as the source of ROS, and doxorubicin was administrated as a proapoptotic stimulus not directly relevant to ROS formation to verify the putative anti-apoptotic effects of Vitamin C. Three aspects, i.e. the apoptotic morphology, apoptotic effects and apoptotic mechanisms, were studied via confocal microscopy, electron microscopy, MTT assay and flow cytometry. The present study revealed the apoptotic effects of elevated ROS level on chicken embryonic fibroblasts, as well as whether the administration of Vitamin C is preventive to non-ROS induced apoptosis, thereby providing precious insights for theoretical and therapeutic trials.
Materials and methods

Reagents
Microplates (Cat. No.: 3516) and Petri dishes (Cat. No.: 14831) were purchased from Corning (USA). MEM medium was obtained from Gibco (Carlsbad/ CA, USA, Cat. No.: 41500-034). Fetal bovine serum (FBS) was from HyClone (South Logan/UT, USA, Cat. No.: S0415. Vitamin C, doxorubicin, and hydrogen peroxide were form Sigma (St. Louis/MO, USA). Unless it was specially noted somewhere, all reagents for this research were purchased from Sigma (St. Louis/MO, USA). Vitamin C, doxorubicin, and hydrogen peroxide were solubilised in MEM medium and then filtered with 0.22-lm filter membrane to eliminate potential microbes.
Primary cell culture and serial passage Chicken embryonic fibroblasts were prepared using nine-day old embryos isolated from Beijing Fatty chicken (Gallus gallus) eggs (Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing, China), rinsed three times with phosphate buffered saline (PBS, pH 7.4), chopped into 1.0 mm 3 pieces, and then plated on the bottom of a tissue culture flask containing MEM?10% (v/v) fetal bovine serum in incubator at 37°C with 5% CO 2 as previously described (Wu et al. 2008) . Upon confluence, the cells were purified via serial passages. Experimental cells were used in exponential phase and from passages 3-6.
Treatment of CEFs
The media were removed and the cells were cultured in media containing appropriate concentrations of Vitamin C, doxorubicin, and hydrogen peroxide for 24 and 48 h. AO/EB (acridine orange/ethidium bromide) staining AO & EB (Sigma, St. Louis/MO, USA) (both 2 mg/mL in ethanol) solution of 10 lL was added into 3 mL cell suspension harvested from a well of a 6-well microplate. Incubated for 5 min in the dark at room temperature, different samples were observed under a confocal microscope (Nikon TE-2000-E, Japan) with excitation wavelengths of 488 and 543 nm.
TEM (transmission electron microscopy) observation
Cells were harvested and fixed with 2.5% (m/v) glutaraldehyde, washed with 0.1 M phosphate buffer and subjected to serial dehydration with 30, 50, 70, 80, 90 and 100% acetone (v/v) . The samples were embedded with epoxy resin (SPURR) for polymerization, and then sectioned with ultramicrotome (LEICAUC6i). After double staining with uranyl acetate and lead citrate, they were observed under transmission electron microscope (JEM-123O) and photographed.
Apoptotic detection
MTT assay was used to evaluate cytotoxicity as described by Mosmann (1983) . The CEFs were plated in 96-well plates at the concentration of 5 9 10 4 per well. Forty-eight hours after treatment, the media were replaced with 200 lL serum-free MEM media and 20 lL MTT solution (5 mg/mL in PBS). After 4-h incubation at 37°C the media were removed, and 200 lL DMSO was added. The OD values at 490 nm were detected under an enzymatic reader. Air dried cell samples were fixed with 4% (m/v) paraformaldehyde (in PBS, pH 7.4, freshly prepared). In Situ Cell Death Detection Kit (Roche, UK) was then used to perform TUNEL assay. Annexin V-FITC Apoptosis Detection Kit I (BD, Franklin Lakes, NJ) was used to stain cell suspension, which was then analyzed with a flow cytometer (BD FACSCalibur, USA). 
Statistical analysis
Cytotoxicity data, apoptotic rates and cell cycle data were analyzed using the GLM procedure in Statistical Analysis System (SAS Inc., Cary, NC, USA) and compared with a multiple comparison test (DUN-CAN). A value of P \ 0.05 was thought of as statistically significant.
Results and discussion
Morphological observation
Previous research on hydrogen peroxide-induced cell death observed nuclear shrinkage, condensation or other kinds of alterations, chromatin condensation, and swelling of organelles, while pretreatment with antioxidant appeared to be able to relieve the symptoms (Ben-juan and Zeng-tong 2007; Goto et al. 2009; Juknat et al. 2005; Lim et al. 2002) .
In the present study, normal fibroblasts exhibited typical fusiform and fibrous morphology with ovalshaped nuclei (Fig. 1a, d ). Morphological alterations, for example, cell shrinkage (Fig. 1, arrow a) , cytoplasm condensation (Fig. 1, arrow b) and emergence of well packaged apoptotic bodies (Fig. 1, arrow c) , took place following incubation with H 2 O 2 in a dose dependent manner (Fig. 1b, c, e, f) . Aforementioned changes (Fig. 1, arrows d-f ) also took place in doxorubicin treated cells, and Vitamin C administration made no obvious differences (Fig. 1g-l) . The cells were stained with AO/EB to visualize nuclear morphology and membrane permeability. It was observed that in controls (Fig. 2a, d ), most cells were viable and there existed a few necrotic ones, whereas exposure to H 2 O 2 induced nuclear condensation and increased apoptotic and necrotic rates increased in a dose and duration dependent manner (Fig. 2b, c, e, f) . Doxorubicin treated cells exhibited obvious nuclear condensation and chromatin margination (Fig. 2g, j) , upon which Vitamin C exerted no observable effects (Fig. 2h, i, k, l) . It was also noteworthy that apoptotic rates were higher at 48 h. Subcellular alterations were observed by TEM. The cells in control displayed homogenous and plump cytoplasm, clear nucleoli, intact karyotheca and seldom any vacuoles (Fig. 3a, e ). Mitochondria are a major resource and target of oxidative stress, and even play a central role in ''the Free Radical Theory of Aging'' (Alexeyev 2009; Cadenas and Davies 2000) . Evidence is accumulating that links oxidative stress with mitochondrial impairment such as fragmentation, loss of transmembrane potential, swelling, crista abnormalities and respiratory chain deficiency (Baregamian et al. 2011; Romano et al. 2010; Wu et al. 2011; Chang et al. 2010 ). Keeping up with this notion, in H 2 O 2 treated CEFs, morphological events, including membrane blebbing (Fig. 3b,  arrow a) , vacuolization (Fig. 3b, arrow b) , nuclear and cytoplasmic condensation (Fig. 3b, arrow c) and partitioning into well-packaged apoptotic bodies (Fig. 3b, arrow d) , took place (Fig. 3b, f) . Most mitochondria are swollen and crista shrunken, their contents have flowed out (Fig. 3b, arrow e) . A myriad of autophagosomes with mitochondria in the progress of being digested were observed, indicating that the signaling pathway of H 2 O 2 elicited cell death was flexible and might have switched to other mechanisms. In comparison, doxorubicin treated cells displayed serious vacuolization, and the mitochondria were swollen but intact (Fig. 3c, g ). The only difference caused by the treatment with 500 lM Vitamin C was that as opposed to the round shape of swollen mitochondria in doxorubicin only group, those in Vitamin C treated cells mostly displayed normal elliptical shapes (Fig. 3h) , as a slight improvement of mitochondrial structure and morphology (Fig. 3d, h ). Vitamin C in cells undergoing hypoxia-reperfusion are linked with a reduction of ROS level, prevention of cytochrome c release and a stabilized mitochondrial membrane potential and a decreased activation of caspase-3 and caspase-9 (Mandl et al. 2009 ). In FAS-mediated apoptosis administration of Vitamin C was associated with diminished levels of ROS, reduced activity of caspases, and partial preservation of mitochondrial membrane integrity (Perez-Cruz et al. 2003) . While high intake of Vitamin C (2,000 mg/d) has not been consistently reported to cause any side effects, its benefits to normal people have never been established, and what have been discovered is only that Vitamin C exerts some inhibitory effects on gastric metaplasia, chronic gastritis and lung and colorectal cancer in vulnerable population (Valko et al. 2006) . Furthermore, it can also suppress tumorigenesis by means of cell cycle arrest and apoptosis-related gene Fig. 4 Cytotoxicity analysis of cells treated with a H 2 O 2 and b Vc coincubated with 2 lg/mL Doxorubicin. OD values are corresponding to viable cell population. Different letters signify statistically significance (P \ 0.05). Statistical significance compared with corresponding controls is marked with **P \ 0.0001) expression regulation (Zhai et al. 2010) . In the present study, Vitamin C, as an antioxidant, may have some effects in scavenging ROS generated in apoptotic signaling, thus improving mitochondrial structure and function. But for an apoptotic cascade triggered by a stimulus not directly related to ROS level, doxorubicin administration in this research, it may be ineffective. Apoptotic effects A plethora of antioxidants have been shown to have protective effects against apoptosis, however, there are a few exceptions, e.g. 2,6-di-tert-butyl-4-methylphenol (BHT) promotes a time-and concentrationdependent induction of apoptosis in human U937 cells (Hong and Liu 2004; Palomba et al. 1999) . In the present study, MTT assay suggested that the cytotoxicity of H 2 O 2 (Fig. 4a) was dose dependent. Incubation with doxorubicin lead to a significant decline (P \ 0.0001) in viable cells numbers, whereas the Perturbations of intracellular calcium homeostasis were characterized via the green fluorescence emitted by its specific binding with the molecular probe Fluo-3/AM. Scale bars, 50 lm in (a-f), 100 lm in (g-l) . Arrows point to representative positive cells administration of Vitamin C exerted no significant effects (P [ 0.05) in the full concentration range (Fig. 4b) . TUNEL assay was performed to detect DNA fragmentation. There were few positive cells in control (Fig. 5a) , whereas exposure to H 2 O 2 induced DNA fragmentation in a dose dependent manner. Doxorubicin elicited DNA fragmentation in some, but not all, of the treated cells, upon which Vitamin C exerted no observable effects (Fig. 5d-f) . The results of Annexin V-FITC/PI assay (Fig. 6) suggested that both the apoptotic and necrotic rates increased in the H 2 O 2 treated group in a dose dependent manner. Both the rates increased upon doxorubicin treatment, and intragroup comparison revealed no significant difference (P [ 0.05) except that at 48 h the apoptotic rates were significantly reduced following treatment with 500 lM Vitamin C (P \ 0.05), indicating that it may have, even though not considerable, some antiapoptotic effects. The apoptotic rates of doxorubicin treated samples were time dependent.
Calcium homeostasis
Ample evidence suggested that the disruption of calcium homeostasis is sufficient to trigger apoptotic signaling (Jiang et al. 1994) , and it was reported that H 2 O 2 -induced mitochondrial apoptosis is probably dependent on calcium signaling (Bejarano et al. 2008) . In the present study, Ca 2? release in controls (Fig. 7a, d ) was negligible, and upon the treatment of H 2 O 2 and doxorubicin, many positive cells, the ones with disturbed calcium homeostasis as revealed by green fluorescence, occurred in the population. Positive cell numbers in H 2 O 2 treated population were dose dependent, whereas no obvious differences were observed in the Vitamin C treated cells. The disruption of calcium homeostasis was in proportion to the number of morphologically irregular cells in treated samples, implying that calcium overload might be a constitutive event rather than a direct apoptotic trigger herein.
Cell cycle analysis Accumulating evidence shows that upon the receipt of apoptotic-inducing stimuli, p53 can be activated to arrest cell cycle progression at G 1 /S or S/G 2 checkpoint (Levine 1997) . It was reported that in Fanconi's anemia cell lines accumulated in G 2 phase to a greater extent than normal lymphoblasts after H 2 O 2 treatment (Zunino et al. 2001) . In human leukemia HL-60 cells upon H 2 O 2 treatment there was a block at G 1 to S transition and apoptotic cells were mainly derived from S and G 2 phases (Lee et al. 2000) . Significant increase in G 2 /M phase was detected upon exposure to 10 lM H 2 O 2 at both 24 h (P \ 0.0001) and 48 h (P \ 0.05), whereas exposure to 100 lM H 2 O 2 arrested cell cycle at S phase (Fig. 8) . Doxorubicin arrested cell cycle at G 1 /G 0 phase and S phase significantly (P \ 0.0001) at 24 and 48 h respectively, and intragroup data only revealed that compared with non-Vitamin C-treated samples, proportion in G 1 /G 0 phase increased (P \ 0.05) in 50 lM Vitamin C treated cells and decreased (P \ 0.05) in 500 lM Vitamin C treated ones at 24 h, implying that different mechanisms might be involved at low and high Vitamin C concentration respectively.
Previous research was focused on the effects of antioxidants on ROS induced apoptosis in mammalian cells rather than those caused by non-ROS stimuli in avian cells. The present study demonstrated that excessive accumulation of ROS is sufficient to induce programmed cell death in CEFs, whereas Vitamin C does not necessarily have considerable anti-apoptotic effects on the fibroblasts, especially when the apoptotic stimuli have no direct relationships with cellular redox state.
